Nanostructured materials display unexpected and unusual properties not observed in the macroscopic scale; for example, plasmon resonance [1] , tunable light emission [2] , or biocompatibility [3] . Generally, nanomaterials properties can be controlled by the synthesis route. Consequently, several chemical, biological, and physical methods of synthesis have been successfully implemented; however, nowadays the demand of nanomaterials for diverse applications is still an important research challenge [4] . Nanomaterials production through physical techniques, primarily those assisted by laser pulses, has gained great attention in the last decades due to its purity (no need for additives) and speed, and because nanomaterials from almost any source are produced [5] [6] [7] [8] .
One of these routes involves laser pulse incidence on solid targets confined in a liquid. Here, the pulse produce ablation, that is, material detachment (ions, clusters, etc.) from which the nanomaterials are formed [5, 7] . This technique, referred as pulsed laser ablation in a liquid phase, has demonstrated its utility for long to produce a variety of nanomaterials [8] [9] [10] .
An alternative way to produce nanomaterials, using laser pulses, consists of preparing a suspension of the desired source in a solvent and submit it to laser pulses; laser pulses induce reshaping, resizing or fragmentation of the suspended material. As additives are not required, this method presents several advantages as high purity nanoparticles are obtained. Under this concept, nanoparticle suspension in a liquid, as target material, presents the advantage of the coexistence of the nanomaterial produced by the laser pulses and the rests of the original, with the consequent modification of, for instance, luminescence of the entire solution [9] . Through the laser fragmentation in suspension (LFS) technique, the size reduction of gold nanoparticles [11] , fragmentation of indium tin oxide nanoparticles into smaller ones [12] , the evolution of ZnO hollow nanospheres into ZnO quantum dots [13] and others, was reported. Detailed description of the evolution of ablation mechanisms of solid and particle targets confined in liquid phase are reported in literature [10, [14] [15] [16] .
Concerning carbon nanomaterials (CNM), LFS methodology has been employed during the last two decades to produce a variety of carbon structures, for instance, polyynes [17] [18] [19] , carbon nanoparticles [9, [20] [21] [22] , carbon nanospindles [10, 23] , carbon nanocages [9] , carbon nanodiamonds [20, 24, 25] , or nanocubes [26] . For this purpose, diverse sources of carbon as, for instance, C 60 [17] , diamond particles [19] , graphite powders [20] , or carbon black [9, 27] , were confined either in organic solvents or in water and then laser irradiated. In these studies, the driving forces which define the nanoparticle morphology were mostly related to laser power, incidence time, solvent, and carbon source morphology. The production of CNM represents an emergent option for hightech application as compared with quantum dots, photoluminescent CNM are more chemically stable, inert, and biocompatible [28] [29] [30] [31] [32] . Accordingly, research aimed at the development of new strategies to obtain new forms of CNM with active optical properties is of great interest.
For the best of our knowledge, the only report on the use of LFS technique for the modification of CNT in suspension deals with the bleaching of an SWCNT/DMF solution after its irradiation with ns laser pulse [33] . Herein, we report on the laser pulse effect using as the target chemically modified multi-walled carbon nanotubes (MWCNT) suspended in tetrahydrofuran (THF). The purpose of using modified nanotubes was to improve the dispersibility in the liquid phase, besides of providing products of certain functionalization. The possibility to produce carbon nanostructures such as polyynes, carbon nanoparticles, nanodiamonds, or carbon nanocages using LFS technique from MWCNT is discussed. The morphology and optical activity of the ablation products were characterized by electron microscopy, UV-vis and photoluminescence (PL) measurements.
Experimental

Materials and laser irradiation
In this work, MWCNT (Aldrich Co.) were oxidized in acid medium following the method reported previously [34] . THF (Aldrich Co.) was used as received. For laser irradiation, 5 mg of MWCNT was dispersed in 20 mL of THF; the dispersion was irradiated inside a conical vial for 30 min, using a 1064 nm laser Nd-YAG (Minilite II, Continuum), pulse duration was 7 72 ns at 15 Hz of repetition frequency, pulse energy was 50 mJ/pulse. A blank suspension of MWCNT dispersed mechanically in THF was prepared for comparison purposes. Fig. 1 shows the experimental setup. During the laser irradiation, neither control of pressure or temperature was intended.
Measurements
Optical absorption spectra of the MWCNT suspensions, after and before laser irradiation, were run using a double beam spectrometer (Lambda7, Perkin-Elmer) from 200 to 900 nm. Absorbance spectra were recorded in a quartz cuvette with an optical path length of 10 mm. For reference purposes, THF absorption spectrum was recorded. All spectra were compared with the air. Photoluminescence (PL) characterization was carried out using a spectrophotometer (FluoroMax Plus, Horiba) exciting the MWCNT suspension at various wavelengths. The PL spectrum of the quartz cell filled with pure THF was also obtained. All the experiments were performed at environmental conditions without any special monitoring or control. MWCNT morphology, before and after irradiation, was analyzed using a field emission scanning electron microscope (FE-SEM, JSM-7401 F, JEOL Ltd.) and a field emission transmission electron microscope (JEM 2200FS, JEOL Ltd.). The samples were prepared by placing a droplet of dispersion on a holey-carbon-copper grid and then evaporating the solvent under laboratory conditions.
Results and discussion
Optical properties
During laser incidence, nanotube suspension evidenced changes in its optical properties, as the initial translucent black suspension turned progressively into a pale amber color (inset in Fig. 2 ). UV-vis absorbance and PL of the irradiated suspension were firstly analyzed. Fig. 2 exhibits MWCNT absorbance spectra, after and before irradiation, and pure THF. As seen, THF is nearly transparent from 340 to 850 nm; however, after MWCNT addition turned into a translucent black suspension (*), as portrayed in the inset picture. Concerning the irradiated dispersion, a great difference is seen compared to the blank. Absorbance decreased considerably from 450 to 850 nm, indicating that the dispersion evolved to a lower turbidity, as corroborated from the inset picture where the dispersion shows a pale-amber color (þ). Such a change was related to the modification of MWCNT nanostructure, or to the coexistence of a new form of carbon nanostructure with the MWCNT. Absorbance modifications have been correlated to the evolution of products derived from the original nanomaterial irradiated. Mikheev et al. reported that the optical properties of MWCNT suspended in DMF change significantly after laser irradiation; the suspension was bleached and its optical density reduced in a wide wavelength range from 225 to 900 nm. They showed that bleaching was due to laser stimulated chemical reactions between DMF molecules and MWCNT [33] . Concerning other nanomaterials, Usui et al. reported that fragmented TiO nanoparticles showed higher transmittance in the visible region compared with the non-fragmented ones [12] . Tarasenko et al. [35] reported plasmon maximum shifts to longer wavelengths with a decrease of the peak height in gold (Au) nanoparticles, produced by laser ablation of solid target in aqueous phase. Spectral changes were attributed to Au nanoparticle progressive agglomeration after laser irradiation was switched off.
Literature indicates that in CNM, such as nanodiamonds or carbon dots, photoluminescence is highly dependent on particle size [22, 36, 37] . Accordingly, to corroborate PL emission, a study on MWCNT suspensions before and after laser pulses was conducted, Fig. 3 . Emission spectra showed, respectively, broad bands ranging from 380 nm to 525 nm and from 380 nm to 650 nm for the blank and irradiated suspension. A blue-green color of the irradiated solution can be appreciated from the inset in Fig. 3 . Both spectra are characterized by two peaks located at 410 nm and 432 nm, and THF does not show PL emission. Fig. 4 exhibits excitation wavelength effect on PL of irradiated MWCNT suspension; emission band shifting to the red color (region), when the excitation wavelength increased, suggesting the possibility to tune the PL emission. The same experiment achieved on the blank exhibited no effect. Furthermore, the peaks at 410 nm and 432 nm disappeared at a larger excitation wavelength, showing also a change in the spectrum shape. Again, we related this difference to the generation of new carbon species, for example, carbon nanoparticles, or by the modification of the original nanotubes (nanotube fragmentation). As mentioned, PL is highly affected by particle size reduction, Hu et al. [9, 27] reported the generation of photoluminescence after laser ablation on carbon black confined in aqueous phase. In these studies, surface passivation by poly (ethylene glycol) was a driving factor for PL exhibition. Likewise, in carbon nanotubes and carbon dots, luminescence was deeply related to passivation due to the appropriate surface modification which allowed trapping of excitation energy by defect sites in the nanotube structure [29, 38, 39] . Here, the use of chemically modified MWCNT was an appropriate strategy as after the laser pulse incidence, apparently, both the new nanostructures and the surface modified nanotubes present surface condition that permitted PL emission.
Morphology
To elucidate the physical changes suffered by the nanotubes because of laser pulse a detailed electron microscopy analysis was performed. For comparison purposes, Fig. 5 illustrates the typical morphology of the chemically modified MWCNT before laser irradiation and Fig. 6 portraits micrographs of the nanotubes after irradiation. MWCNT morphology before laser irradiation shows nanotubes with a diameter about 150 nm and a well-defined surface. Conversely, after laser pulse, nanotubes presented important changes as, for instance, cap opening and partial unzipping; besides, the presence of new abundant nanostructures is also evident, Fig. 6(a) . Fig. 6(b) shows the fiber-like morphology of these new nanostructures with a diameter around 20 nm. Additionally, Fig. 6 (c) portraits a carbon nanotube exhibiting cap opening and partial unzipping. Furthermore, Fig. 6(d) shows a partially unwinding nanotube evidencing the graphenic structure of nanotube walls. This study revealed the important effect of the laser pulse high energy on the MWCNT structural integrity. Fiberlike nanostructures origin was apparently the product of nanotubes tearing induced by laser incidence, which concurrently produced cap opening and unzipping. Based on these results, we can suggest that nanotube surface modification, combined with the presence of the new carbon nanostructures and chemical Fig. 2 . Absorbance spectra of MWCNT suspensions before (*) and after ( þ ) irradiation. THF spectrum is also included as a reference. The inset illustrates dispersions appearance under white light. modification, were decisive factors in the modification of the optical properties of the irradiated suspension, as discussed above.
To further explore the effect of laser pulses on the nanotubes structure, high-resolution microscopy (HRTEM) characterization was achieved, as shown in Fig. 7 . Non-irradiated MWCNT nanostructure ( Fig. 7(a) ) exhibits the typical thick multi-walled graphitic structure covered by a layer of amorphous carbon. Concerning the irradiated nanotubes, three areas were analyzed, the nanotube surface, the unzipped layer, and the fiber-like structures. From the nanotube surface (Fig. 7(b) ), nanocages lower than 10 nm formed by some few graphitic layers were abundantly observed; however, it is noteworthy that the amorphous phase was also plentiful. The unzipped layers (Fig. 7(c) ) showed highly ordered atomic arrangement of carbon atoms, which reflects the graphenic nature of nanotube walls. In the image, only some few layers of graphene are observed. This indicates, indeed, that nanotube unfolding due to laser incidence caused unzipping. Furthermore, the fiber-like arrangement exhibited areas with a partial arrangement; however, the amorphous phase is mostly present (Fig. 7(d) ). Literature indicates that over-exposition to laser beam results in the modification of the firstly produced nanostructures. For example, Mikheev et al. [33] reported that photochemical reactions occurring between MWCNT and DMF lead to the formation of new chemical bonds, absent in the initial suspension, besides of impurities and a large number of defects in the nanotubes. Also, Hu et al. [9] showed that when a single carbon black particle is heated by a laser beam, only neighboring graphitic segments within a particle bond grow, which favors the formation of large carbon nanocages. Besides, Tsuji et al. [17] reported that C 60 particles, suspended in organic solvents of different polarity, were transformed into disordered sp 2 carbon and form graphite-like carbon after the laser irradiation. In the present case, we consider the amorphous nature of fiber-like structures is an evolution of the unzipped layers that lose atomic order due to the over incidence of laser pulses becoming, consequently, amorphous. Selected area electron diffraction (SAED) is included for each structure. SEAD indicates that the non-irradiated nanotube, the unzipped layer, and the nanocages present a crystalline structure, unlike the produced amorphous phase. Mechanisms leading to nanostructures by laser pulses on solid nanoparticles suspended in liquid media have been proposed. The model reported by Hu et al. [9] , for the irradiation of carbon black in an aqueous solution of poly(ethylene glycol), served as an inspiration to explain pulse effect on MWCNT (Fig. 8(a) ). According to this model, the high energy of the laser pulse impact produced both the evaporation of the amorphous carbon material contained in the nanotube and the fracture of the graphenic walls (dislocations), as evidenced in Fig. 8(b) ) and c). Consequently, the evaporated material as elemental particles (atoms and ions) flowed through those dislocations to the surface of the nanotube. It is believed that depending on the cooling speed, the re-bonding of the elemental particles permitted the formation of ordered or disordered structures.
Conclusion
The laser pulse allowed MWCNT microstructure modification, generating graphene-like ordered structures (nanotube unzipping), nanocages, and profuse amorphous carbon, as shown by electron microscopy. The generation of new species of carbon and the surface modification of the carbon nanotubes, produced changes in the optical properties of the suspension, as exhibited by UV-vis spectroscopy and photoluminescence. Laser irradiation, as a tool for the production of carbon nanostructures using as a source of carbon chemically modified MWCNT, is certainly promising. However, more studies are necessary to achieve greater control over the characteristics of the products to establish the conditions to obtain either crystalline or amorphous structures in a controlled way. 
